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ABSTRACT

We present an analysis of the deepestHerschelimages in four major extragalactic �elds GOODS–North, GOODS–South, UDS, and
COSMOS obtained within the GOODS–Herscheland CANDELS–Herschelkey programs. The star formation picture provided by
a total of 10 497 individual far-infrared detections is supplemented by the stacking analysis of a mass complete sample of 62 361
star-forming galaxies from theHubble Space Telescope(HST) H band-selected catalogs of the CANDELS survey and from two deep
ground-basedKs band-selected catalogs in the GOODS–North and the COSMOS-wide �eld to obtain one of the most accurate and
unbiased understanding to date of the stellar mass growth over the cosmic history.
We show, for the �rst time, that stacking also provides a powerful tool to determine the dispersion of a physical correlation and
describe our method called “scatter stacking", which may beeasily generalized to other experiments.
The combination of direct UV and far-infrared UV-reprocessed light provides a complete census on the star formation rates (SFRs),
allowing us to demonstrate that galaxies atz = 4 to 0 of all stellar masses (M� ) follow a universal scaling law, the so-called main
sequence of star-forming galaxies. We �nd a universal close-to-linear slope of the log10(SFR)–log10(M� ) relation, with evidence for
a �attening of the main sequence at high masses (log10(M� =M � ) > 10:5) that becomes less prominent with increasing redshift and
almost vanishes byz ' 2. This �attening may be due to the parallel stellar growth ofquiescent bulges in star-forming galaxies, which
mostly happens over the same redshift range. Within the mainsequence, we measure a nonvarying SFR dispersion of 0:3 dex: at a
�xed redshift and stellar mass, about 68% of star-forming galaxies form stars at a universal rate within a factor 2. The speci�c SFR
(sSFR= SFR=M� ) of star-forming galaxies is found to continuously increase fromz = 0 to 4.
Finally we discuss the implications of our �ndings on the cosmic SFR history and on the origin of present-day stars: more than two-
thirds of present-day stars must have formed in a regime dominated by the “main sequence” mode. As a consequence we conclude
that, although omnipresent in the distant Universe, galaxymergers had little impact in shaping the global star formation history over
the last 12:5 billion years.

Key words. Galaxies: evolution – Galaxies: active – Galaxies: starburst – Infrared: galaxies – Methods: statistical

? Herschelis an ESA space observatory with science instruments pro-
vided by European-led Principal Investigator consortia and with impor-
tant participation from NASA.

1. Introduction

Most extremely star-forming galaxies in the local Universeare
heavily dust obscured and show undeniable signs of an ongo-
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ing major merger, however such objects are relatively rare (Ar-
mus et al. 1987; Sanders & Mirabel 1996). They have been his-
torically classi�ed as Luminous and Ultra Luminous InfraRed
Galaxies, LIRGs and ULIRGs, based on their bolometric in-
frared luminosity over the wavelength range 8–1000� m, by
LIR > 1011 L� and> 1012 L� , respectively. However, they make
up for only 2% of the integral of the local IR luminosity function,
the remaining fraction mainly produced by more typical isolated
galaxies (Sanders & Mirabel 1996).

More recently, studies at higher redshift showed that the
LIRGs were the dominant population atz = 1 (Chary & El-
baz 2001; Le Floc'h et al. 2005), replaced by ULIRGs atz = 2
(Magnelli et al. 2013). This was �rst interpreted as an increasing
contribution of gas-rich galaxy mergers to the global star forma-
tion activity of the Universe, in qualitative agreement with the
predicted and observed increase of the major merger rate (e.g.,
Patton et al. 1997; Le Fèvre et al. 2000; Conselice et al. 2003).

The discovery of the correlation between star formation rate
(SFR) and stellar mass (M� ), also called the “main sequence” of
star-forming galaxies (Noeske et al. 2007), atz ' 0 (Brinchmann
et al. 2004),z ' 1 (Noeske et al. 2007; Elbaz et al. 2007),z ' 2
(Daddi et al. 2007; Pannella et al. 2009; Rodighiero et al. 2011;
Whitaker et al. 2012)z = 3–4 (Daddi et al. 2009; Magdis et al.
2010; Heinis et al. 2013; Pannella et al. 2014) and even up toz =
7 (e.g., Stark et al. 2009; Bouwens et al. 2012; Stark et al. 2013;
González et al. 2014; Salmon et al. 2014; Steinhardt et al. 2014)
suggested instead a radically new paradigm. The tightness of this
correlation is indeed not consistent with frequent random bursts
induced by processes like major mergers of gas-rich galaxies,
and favors more stable star formation histories (Noeske et al.
2007).

Furthermore, systematic studies of the dust properties of the
“average galaxy” at di� erent redshifts show that LIRGs atz = 1
and ULIRGs atz = 2 bear close resemblance to normal star-
forming galaxies atz = 0. In particular, in spite of having star
formation rates (SFRs) higher by orders of magnitude, they ap-
pear to share similar star-forming region sizes (Rujopakarn et al.
2011), polycyclic aromatic hydrocarbon (PAH) emission lines
equivalent widths (Pope et al. 2008; Fadda et al. 2010; Elbaz
et al. 2011; Nordon et al. 2012), [Cii] to far-infrared (FIR) lumi-
nosity (LFIR) ratios (Díaz-Santos et al. 2013), and universal FIR
spectral energy distributions (SEDs) (Elbaz et al. 2011). Only
outliers above the SFR–M� correlation (usually called “star-
bursts”, Elbaz et al. 2011) show signs of di� erent dust proper-
ties: more compact geometry (Rujopakarn et al. 2011), excess of
IR8 � LIR=L8� m (Elbaz et al. 2011), [Cii] de�cit (Díaz-Santos
et al. 2013), increased e� ective dust temperature (Elbaz et al.
2011; Magnelli et al. 2014), and PAH de�cit (Nordon et al. 2012;
Murata et al. 2014), indicating that these starburst galaxies are
the true analogs of local LIRGs and ULIRGs. In this paradigm,
the properties of galaxies are no longer most closely related to
their rest-frame bolometric luminosities, but rather to their ex-
cess SFR compared to that of the main sequence.

This could mean that starburst galaxies are actually triggered
by major mergers, but that the precise mechanism that fuels the
remaining vast majority of “normal” galaxies is not yet under-
stood. Measurements of galactic gas reservoirs yield gas frac-
tions evolving from about 10% in the local Universe (Leroy
et al. 2008) up to 60% atz ' 3 (Tacconi et al. 2010; Daddi
et al. 2010; Geach et al. 2011; Magdis et al. 2012; Saintonge
et al. 2013; Santini et al. 2014; Genzel et al. 2014, Béthermin
et al. 2014, submitted). Compared to the observed SFR, this im-
plies gas-consumption timescales that are much shorter than the
typical duty cycle of most galaxies. It is thus necessary to re-

plenish the gas reservoirs of these galaxies in some way. Large
volume numerical simulations (Dekel et al. 2009a) have shown
that streams of cold gas from the intergalactic medium can ful-
�ll this role, allowing galaxies to keep forming stars at these high
but steady rates. Since the amount of gas accreted through these
“cold �ows” is directly linked to the matter density of the inter-
galactic medium, this also provides a qualitative explanation for
the gradual decline of the SFR fromz = 3 to the present day
(e.g., Davé et al. 2011).

This whole picture relies on the existence of the main se-
quence. However, actual observations of the SFR–M� correla-
tion at z > 2 rely mostly on ultraviolet-derived star formation
rates, which need to be corrected by large factors to accountfor
dust extinction (Calzetti et al. 1994; Madau et al. 1998; Meurer
et al. 1999; Steidel et al. 1999). These corrections, performed us-
ing the UV continuum slope� and assuming an extinction law,
are uncertain and still debated. Although dust-corrected SFRs
are able to match more robust estimators on average in the lo-
cal Universe (Calzetti et al. 1994; Meurer et al. 1999) and be-
yond (e.g., Pannella et al. 2009; Overzier et al. 2011; Rodighiero
et al. 2014), it has been shown for example that these corrections
cannot recover the full star formation rate of the most active ob-
jects (Goldader et al. 2002; Buat et al. 2005; Elbaz et al. 2007;
Rodighiero et al. 2011; Wuyts et al. 2011; Penner et al. 2012;
Oteo et al. 2013; Rodighiero et al. 2014). More recently, several
studies have pointed toward an evolution of the calibrationbe-
tween the UV slope and UV attenuation as a function of redshift,
possibly due to changes in the ISM properties (e.g., Pannella
et al. 2014; Castellano et al. 2014) or even as a function of envi-
ronment (Koyama et al. 2013). It is therefore possible that using
UV-based SFR estimates modi�es the normalization of the main
sequence, and/or its dispersion. In particular, it could be that the
tight scatter of the main sequence observed at high redshift(e.g.,
Bouwens et al. 2012; Salmon et al. 2014) is not real but induced
by the use of such SFRs, thereby questioning the very existence
of a main sequence at these epochs. Indeed, a small scatter isa
key ingredient without which the main sequence loses its mean-
ing.

Infrared telescopes allow us to measure the bolometric in-
frared luminosity of a galaxy (LIR), a robust star formation tracer
(Kennicutt 1998). Unfortunately, they typically provide observa-
tions of substantially poorer quality (both in angular resolution
and typical depth) compared to optical surveys. The launch of
theSpitzerspace telescope (Werner et al. 2004) was a huge step
forward, as it allowed us to detect for the �rst time moderately
luminous objects at high redshifts (z < 3) in the mid-infrared
(MIR) thanks to the MIPS instrument (Rieke et al. 2004). It was
soon followed by theHerschelspace telescope (Pilbratt et al.
2010), which provided better constraints on the spectrum ofthe
dust emission by observing in the FIR with the PACS (Poglitsch
et al. 2010) and SPIRE instruments (Gri� n et al. 2010).

Nevertheless only the most luminous star-forming objects
can be detected at high redshifts, yielding strongly SFR biased
samples (Elbaz et al. 2011). In particular, most galaxies reliably
detected with these instruments atz � 3 are very luminous star-
bursts, making it di� cult to study the properties of “normal”
galaxies at these epochs. So far only a handful of studies have
probed in a relatively complete manner the Universe atz & 3
with IR facilities (e.g., Heinis et al. 2014; Pannella et al.2014)
and most of what we know about normal galaxies atz > 3 is
currently based on UV light alone (Daddi et al. 2009; Stark etal.
2009; Bouwens et al. 2012; Stark et al. 2013; González et al.
2014; Salmon et al. 2014).
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Here we take advantage of the deepest data ever taken
with Herschel in the Great Observatories Origins Deep Sur-
vey (GOODS, PI: D. Elbaz), covering the GOODS–North and
GOODS–South �elds, and the Cosmic Assembly Near-Infrared
Deep Extragalactic Legacy Survey (CANDELS, PI: M. E. Dick-
inson) covering a fraction of the Ultra-Deep Survey1 (UDS) and
Cosmic Evolution Survey (COSMOS) �elds, to infer stricter
constraints on the existence and relevance of the main sequence
in the young Universe up toz = 4. To do so, we �rst con-
struct a mass-selected sample with known photometric redshifts
and stellar masses and then isolate star-forming galaxies within
it. We bin this sample in redshift and stellar mass and stack
the Herschelimages. This allows us to infer their averageLIR,
and thus their SFRs. We then present a new technique we call
“scatter stacking” to measure the dispersion around the average
stacked SFR, taking nondetected galaxies into account. Finally,
we cross-match our sample withHerschelcatalogs to study in-
dividually detected galaxies.

In the following, we assume a� CDM cosmology withH0 =
70 km s� 1Mpc� 1, 
 M = 0:3, 
 � = 0:7 and a Salpeter (1955)
initial mass function (IMF), to derive both star formation rates
and stellar masses. All magnitudes are quoted in the AB system,
such thatMAB = 23:9 � 2:5 log10(S� [� Jy]).

2. Sample and observations

We use the ultra-deepH-band catalogs provided by the
CANDELS–HST team (Grogin et al. 2011; Koekemoer et al.
2011) in three of the CANDELS �elds, namely GOODS–South
(GS Guo et al. 2013), UDS (Galametz et al. 2013), and COS-
MOS (Nayyeri et al. in prep.). With the GOODS–North (GN)
CANDELS catalog not being �nalized at the time of writing,
we fall back to a ground-basedKs-band catalog. To extend our
sample to rarer and brighter objects, we also take advantage
of the much wider area provided by theKs-band imaging in
the COSMOS �eld acquired as part of the UltraVISTA pro-
gram (UVISTA). In the following, we will refer to this �eld as
“COSMOS UltraVISTA”, while the deeper but smaller region
observed by CANDELS will be called “COSMOS CANDELS”.

Using either theH or theKs as the selection band will intro-
duce potentially di� erent selection e� ects. In practice, these two
bands are su� ciently close in wavelengths that one does not ex-
pect major di� erences to arise: if anything, theKs-band catalogs
are potentially more likely to be mass-complete, since thisband
will probe the rest-frame optical up to higher redshifts. However
these catalogs are ground based, and lack both angular resolu-
tion and depth when compared to theHST H-band data. It is
thus necessary to carefully estimate the mass completenesslevel
of each catalog, and only consider mass-complete regimes inthe
following analysis.

All these �elds were selected for having among the deep-
estHerschelobservations, which are at the heart of the present
study, along with high-quality, multi-wavelength photometry in
the UV to NIR. The respective depths of each catalog are listed
in Table 1. We next present the details of the photometry and
source extraction of each �eld.

2.1. GOODS–North

GOODS–North is one of the �elds targeted by the CANDELS–
HSTprogram, and the last to be observed. Consequently, the data

1 This �eld is also known as the Subary XMM Deep Survey (SXDS)
�eld.

reduction was delayed compared to the other �elds and there
was no available catalog when we started this work. We thus use
the ground-basedKs-band catalog presented in Pannella et al.
(2014), which is constructed from the deep CFHT WIRCAMKs-
band observations of Wang et al. (2010). This catalog contains
20 photometric bands from the NUV to IRAC 8� m and was built
using SExtractor (Bertin & Arnouts 1996) in dual image mode,
with theKs-band image as the detection image. Fluxes are mea-
sured within a 200aperture on all images, and the e� ect of vary-
ing point spread function (PSF) and/ or seeing is accounted for
using PSF-matching corrections. Per-object aperture corrections
to total are provided by the ratio of theFLUX_AUTOas given by
SExtractor and the apertureKs-band �ux. This results in a 0:800

angular resolution catalog of 79 003 sources and a 5� limiting
magnitude ofKs= 24:5.

TheKs-band image extends over 0:25 deg2, but only the cen-
tral area is covered bySpitzerandHerschel. We therefore only
keep the sources that fall inside the coverage of those two in-
struments, i.e., 15 284 objects in 168 arcmin2. We also remove
stars identi�ed either from the SExtractor �ag CLASS_STARfor
bright enough objects (Ks< 20), or using theBzKcolor-color di-
agram (Daddi et al. 2004). Our �nal sample consists of 14 828
galaxies, 12 317 of which are brighter than the 5� limiting mag-
nitude, with 3 775 spectroscopic redshifts.

The Herschelimages in both PACS and SPIRE were ob-
tained as part of the GOODS–Herschelprogram (Elbaz et al.
2011). The source catalog ofHerschelandSpitzerMIPS 24� m
are taken from the public GOODS–HerschelDR1. Herschel
PACS and SPIRE 250� m �ux densities are extracted using PSF
�tting at the position of MIPS priors, themselves extractedfrom
IRAC priors. SPIRE 350� m and 500� m �ux densities are ob-
tained by building a reduced prior list out of the 250� m detec-
tions. This procedure, described in more detail in Elbaz et al.
(2011), yields 2 681 MIPS and 1 039Herscheldetections (> 3�
in any PACS band or> 5� in SPIRE, following Elbaz et al.
2011) that we could cross-match to theKs-band catalog using
their IRAC positions.

2.2. GOODS–South, UDS, & COSMOS CANDELS

In GOODS–South, UDS and COSMOS CANDELS we use
the o� cial CANDELS catalogs presented, respectively, in Guo
et al. (2013) (version 121114), Galametz et al. (2013) (version
120720) and Nayyeri et al. (in prep.) (version 130701). Theyare
built using SExtractor in dual image mode, using theHST H-
band image as the detection image to extract the photometry at
the otherHSTbands. The ground-based andSpitzerphotome-
try is obtained with TFIT (Laidler et al. 2007). TheHSTpho-
tometry was measured using theFLUX_ISOfrom SExtractor
and corrected to total magnitudes using either theFLUX_BEST
or FLUX_AUTOmeasured in theH band, while the ground-based
andSpitzerphotometry is already “total” by construction. These
catalogs gather 16 photometric bands in GOODS–South, 19 in
UDS, and 27 in COSMOS, ranging from theU band to IRAC
8� m, for a total of 34 930 (respectively 35 932 and 38 601)
sources, 1 767 (respectively 575 and 1 175) of which have a
spectroscopic redshift. TheH-band exposure in the �elds is quite
heterogeneous, the 5� limiting magnitude ranging from 27:4 to
29:7 in GOODS–South, 27:1 to 27:6 in UDS, and 27:4 to 27:8 in
COSMOS, but it always goes much deeper than the available
ground-based photometry. These extreme depths can also be-
come a problem, especially when dealing with sources so faint
that they are signi�cantly detected in theHSTimages only. The
SED of these objects is so poorly constrained that we cannot

Article number, page 3 of 30



A&A proofs:manuscript no. paper

Table 1.Catalog depths for each �eld.

Field Areaa NIR (5� ) 24� m 100� m 160� m 250� m 350� m 500� m
� Jy (3� ) mJy (3� ) mJy (3� ) mJy (5� ) mJy (5� ) mJy (5� )

GN 168 arcmin2 Ks< 24:5 21 1:1 2:7 7:3 7:8 13
GS 184 arcmin2 H < 27:4–29:7 20 0:8 2:4 7:0 7:5 13
UDS 202 arcmin2 H < 27:1–27:6 40 1:7 3:9 10 11 13
COSMOS
-CANDELS 208 arcmin2 H < 27:4–27:8 27–40 1:5 3:1 11 14 14

-UVISTA 1:6 deg2 Ks< 23:4 27–40 4:6 9:9 — — —

(a) This is the sky coverage of our sample, and may be smaller thanthe nominal area of the detection image.

robustly identify them as galaxies, or compute accurate photo-
metric redshifts. To solve this issue, one would like to onlykeep
sources that have a su� cient wavelength coverage, e.g., impos-
ing a signi�cant detection in at least ten UV to NIR bands, but
this would introduce complex selection e� ects. Here we decide
to only keep sources that have anH-band magnitude brighter
than 26. This ensures that the median number of UV to NIR
bands for each source (along with the 16th and 84th percentiles)
is 11+3

� 2, 16+3
� 4 and 21+5

� 5, respectively, as compared to 9+4
� 4, 13+5

� 5
and 18+7

� 7 when using the whole catalogs.

As for GOODS–North, we remove stars using a combina-
tion of morphology andBzK classi�cation, and end up with
18 364 (respectively 21 552 and 24 396) galaxies withH < 26
in 184 arcmin2 (respectively 202 arcmin2 and 208 arcmin2).

In both UDS and COSMOS, theHerschelPACS and SPIRE
images were taken as part of the CANDELS–Herschelprogram,
and are slightly shallower than those in the two GOODS �elds.
The MIPS 24� m images, however, are clearly shallower, since
they reach a noise level of approximately 40� Jy (1� ), as com-
pared to the 20� Jy in GOODS. In COSMOS, however, the MIPS
map contains a “deep” region (Sanders et al. 2007) that covers
roughly half of the COSMOS CANDELS area with a depth of
about 30� Jy.

In those two �elds, sources are extracted with the same pro-
cedure as in GOODS–North (Inami et al. in prep). These cat-
alogs provide, respectively, 2 461 and 2 585 MIPS sources as
well as 730 and 1 239Herscheldetections within theHSTcov-
erage. Since the IRAC priors used in the source extraction come
directly from the CANDELS catalog, no cross-matching has to
be performed.

The Herschelimages in GOODS–South come from three
separate programs. The PACS images are the result of the com-
bined observation of both GOODS–Herscheland PEP (Lutz
et al. 2011), while SPIRE images were obtained as part of the
HerMES program (Oliver et al. 2012). The PACS �uxes are
taken from the public PEP DR1 catalog (Magnelli et al. 2013),
and were extracted using the same procedure as in GOODS–
North. For the SPIRE �uxes, we downloaded the individual
level-2 data products covering the full ECDFS from theHerschel
ESA archive2 and reduced them following the same procedure as
the other sets of SPIRE data used in GOODS and CANDELS–
Herschel. This catalog provides 1 875 MIPS and 1 058Herschel
detections within theHSTcoverage, which were cross matched
to the CANDELS catalog using their IRAC positions.

2 http://www.cosmos.esa.int/web/herschel/science-arch ive

2.3. COSMOS UltraVISTA

Only a small region of the COSMOS �eld has been observed
within the CANDELS program. For the remaining area, we have
to rely on ground-based photometry. To this end, we consider
two di� erentKs-band catalogs, both based on the UltraVISTA
DR1 (McCracken et al. 2012).

The �rst catalog, presented in Muzzin et al. (2013b), is built
using SExtractor in dual image mode, with theKs-band im-
age as detection image. The photometry in the other bands is
extracted using PSF-matched images degraded to a common
resolution of � 1:100 and an aperture of 2:100, except for the
Spitzerbands andGALEX. Here, an alternative cleaning method
is used, where nearby sources are �rst subtracted using the PSF-
convolvedKs-band pro�les (u� band forGALEX), then the pho-
tometry of the central source is measured inside an apertureof
300. In both cases, aperture �uxes are corrected to total using
the ratio ofFLUX_AUTOand apertureKs-band �ux. In the end,
the catalog contains 30 photometric bands ranging fromGALEX
FUV to IRAC 8� m (we did not use the 24� m photometry),
for a total of 262 615 objects and a 5� limiting magnitude of
Ks= 23:4. As for the CANDELS �elds, stars are excluded us-
ing a combination of morphological andBzK classi�cation, re-
sulting in a �nal number of 249 823 galaxies within 1:6 deg2,
168 509 of which are brighter than the 5� limiting magnitude,
with 5 532 having spectroscopic redshifts.

The second catalog, presented in Ilbert et al. (2013), is very
similar in that, apart from missingGALEXandSubaru g+, it uses
the same raw images and was also built with SExtractor . The
di� erence lies mostly in the extraction of IRAC �uxes. Here,
and for IRAC only, SExtractor is used in dual image mode,
with theSubaru i-band image as the detection image. Since the
IRAC photometry was not released along with the rest of the
photometry, we could not directly check the consistency of the
two catalogs, nor use this photometry to derive accurate galaxy
properties. Nevertheless, the photometric catalog comes with a
set of photometric redshifts and stellar masses that we can use
as a consistency check. These were built using a much more ex-
tensive but private set of spectroscopic redshifts, and arethus
expected to be of higher quality. A direct comparison of the two
photometric redshift estimations shows a constant relative scatter
of 4% belowz = 2. At higher redshifts, the scatter increases to
10% because of the ambiguity between the Balmer and Lyman
breaks. This ambiguity arises because of the poor wavelength
coverage caused by the shallow depths of these surveys, but it
takes place in a redshift regime where our results are mostly
based on the deeper, and therefore more robust, CANDELS data.
We also checked that redoing our analysis with Ilbert et al.'s cat-
alog yielded very similar results in the mass-complete regimes.
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Finally, while theSpitzerMIPS imaging is the same as that in
COSMOS CANDELS, theHerschelPACS images in this wide
�eld were taken as part of the PEP program, at substantially shal-
lower depth (Lutz et al. 2011). TheSpitzerMIPS andHerschel
PACS photometry are taken from the public PEP DR1 catalog3,
itself based on the MIPS catalog of Le Floc'h et al. (2009), yield-
ing 37 544 MIPS and 9 387 PACS detections successfully cross-
matched to the �rstKs band catalog.

2.4. Photometric redshifts and stellar masses

Photometric redshifts (photo-z) and stellar masses are derived
using the procedure described in Pannella et al. (2014). Brie�y,
photo-zs are computed using EAZY4 (Brammer et al. 2008) in
its standard setup. Global photometric zero points are adjusted
iteratively by comparing the photo-zs to the available spectro-
scopic redshifts (spec-z), and minimizing the di� erence between
the two. We emphasize that, although part of these adjustments
are due to photometric calibration issues, they also originate
from defects in the adopted SED template library. To estimate
the quality of the computed photo-zs, we request that theodds
computed by EAZY, which is the estimated probability that the
true redshift lies within� z = 0:2 � (1 + zphot) (Benítez 2000),
be larger than 0:8. A more stringent set of criteria is adopted
in COSMOS CANDELS, because of the lower quality of the
photometric catalog. To prevent contamination of our sample
from issues in the photometry, we prefer to be more conser-
vative and only keepodds > 0:98 and impose that the� 2 of
the �t be less than 100 to remove catastrophic �ts. The me-
dian � z � j zphot � zspecj=(1 + zspec) is respectively 3:0%, 3:2%,
1:8%, 2:0%, and 0:8% in GOODS–North, GOODS–South, UDS
CANDELS, COSMOS CANDELS, and COSMOS UltraVISTA.
We stress however that the representativeness of this accuracy
also depends on the spectroscopic sample. In COSMOS UltraV-
ISTA, for example, we only have spec-zs for the brightest ob-
jects, hence those that have the best photometry. Fainter and
more uncertain sources thus do not contribute to the accuracy
measurement, which is why the measured value is so low. Lastly,
although we use these spec-zs to calibrate our photo-zs, we do
not use them afterwards in this study. The achieved precision of
our photo-zs is high enough for our purposes, and the selection
functions of all spectroscopic surveys we gather here are very
di� erent, if not unknown. To avoid introducing any incontrol-
lable systematic, we therefore decide to consistently use photo-
zs for all our sample.

Stellar masses are derived using FAST5 (Kriek et al. 2009),
adopting Salpeter (1955) IMF6, the Bruzual & Charlot (2003)
stellar population synthesis model and assuming that all galax-
ies follow delayed exponentially declining7 star formation his-
tories (SFHs), parametrized by SFR(t) / (t=�2) exp(� t=�) with
0:01 < � < 10 Gyr. Dust extinction is accounted for assuming
the Calzetti et al. (2000) law, with a grid ranging fromAV = 0 to
4. Metallicity is kept �xed and equal toZ� . We assess the quality

3 http://www.mpe.mpg.de/ir/Research/PEP/DR1
4 http://code.google.com/p/eazy-photoz .
5 http://astro.berkeley.edu/~mariska/FAST.html
6 Using another IMF would systematically shift both ourM� and SFRs
by approximately the same amount, and therefore would not a� ect the
shape of the main sequence.
7 Other star formation histories were considered, in particular with a
constant or exponentially declining SFR. Selecting all galaxies from
z > 0:3 toz < 5, no systematic o� set is found, while the scatter evolves
mildly from 0:12 dex atM� = 1 � 108 M � to 0:08 atM� = 3 � 1011 M � .

of the stellar mass estimate with the reduced� 2 of the �t, only
keeping galaxies for which� 2 < 10.

2.5. Rest-frame luminosities and star formation rates

Star formation rates are typically computed by measuring the
light of young OB stars, which emit the bulk of their light in the
UV. However this UV light is most of the time largely absorbed
by the interstellar dust, and re-emitted in the IR as thermalradia-
tion. To obtain the total SFR of a galaxy, it is therefore necessary
to combine the light from both the UV and the IR.

Rest-frame luminosities in the FUV (1500 Å),U, V, andJ
bands are computed withEAZYby convolving the best-�t SED
model from the stellar mass �t with the �lter response curves.
The FUV luminosity is then converted into SFRuncorrectedfor
dust attenuation using the formula from Daddi et al. (2004),i.e.,

SFRUV = 2:17� 10� 10 LUV [L� ] : (1)

The infrared luminosityLIR is computed following the proce-
dure of Elbaz et al. (2011). We �t theHerschel�ux densities with
CE01 templates, and computeLIR from the best-�t template. In
this procedure, photometric points below 30� m rest-frame are
not used in the �t since this is a domain that is potentially domi-
nated by active galactic nuclei (AGN) torus emission, and not by
star formation (e.g., Mullaney et al. 2011). We come back to this
issue in section 2.6. This IR luminosity is, in turn, converted into
dust-reprocessed SFR using the formula from Kennicutt (1998)

SFRIR = 1:72� 10� 10 LIR [L� ] : (2)

The total SFR is �nally computed as the sum of SFRUV and
SFRIR. The above two relations are derived assuming a Salpeter
(1955) IMF and assume that the SFR remained constant over the
last 100 Myr.

A substantial number of galaxies in this sample (50% in the
CANDELS �elds, 75% in COSMOS UltraVISTA) are detected
by SpitzerMIPS but not byHerschel. Although for these galax-
ies we only have a single photometric point in the MIR, we can
still infer accurate monochromatic SFRs using the originalLIR
calibration of the CE01 library. This calibration is valid up to
z < 1:5, as shown in Elbaz et al. (2011), hence we only use
MIPS-derived SFRs for sources not detected byHerschelover
this redshift range. Although there exist other calibrations that
are applicable to higher redshifts (e.g., Elbaz et al. 2011;Wuyts
et al. 2011), we do not know how they would impact the mea-
surement of the scatter of the main sequence. We therefore pre-
fer not to use them and discard the 24� m measurements above
z = 1:5. Galaxies not detected in the MIR (z < 1:5) or FIR
have no individual SFR estimates and are only used for stack-
ing. When working with detections alone (section 4.6), thisob-
viously leads to an SFR selected sample and is taken into account
by estimating the SFR completeness.

Lastly, there are some biases that can a� ect our estimates of
SFR from the IR. In particular, the dust can also be heated by
old stars that trace the total stellar mass content rather than the
star formation activity (e.g., Salim et al. 2009). Because of the
relatively low luminosity of these stars, this will most likely be
an issue for massive galaxies with low star formation activity,
i.e., typically quiescent galaxies (see, e.g., Appendix A where
we analyze such cases). Since we remove these galaxies from
our sample, we should not be a� ected by this bias. This is also
con�rmed by the excellent agreement of IR based SFR estimates
with those obtained from the radio emission (e.g., Pannellaet al.
2014), the latter not being a� ected by the light of old stars.
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2.6. A mass-complete sample of star-forming galaxies

Table 2.Number of object in our sample per �eld.

Field All galaxiesa SFb Spec-zc Herscheld

GN 6 973 5 358 2 605 867
GS 5 539 4 630 2 275 947
UDS 7 455 6 372 504 654
COSMOS
-CANDELS 7 580 6 599 811 976

-UVISTA 58 202 39 375 3 736 7 053

(a) Number of galaxies in our mass-complete NIR sample, re-
moving stars, spurious sources, and requiringSpitzerandHer-
schelcoverage.(b) Final subsample of good quality galaxies clas-
si�ed as star-forming with theUVJ criterion (see section 2.6).
(c) Subsample of galaxies with a spectroscopic redshift (vari-
ous sources, see catalog papers for references).(d) Subsample of
galaxies with a detection in anyHerschelband, requiring> 3�
signi�cance in PACS or> 5� in SPIRE (following Elbaz et al.
2011).

We �nalize our sample by selecting actively star-forming
galaxies. Indeed, the observation of a correlation betweenmass
and SFR only applies to galaxies that are still forming stars, and
not to quiescent galaxies. The latter are not evolving anymore
and pile up at high stellar masses with little to no detectable signs
of star formation. Nevertheless, they can still show residual IR
emission due to the warm inter stellar medium (ISM). This can-
not be properly accounted for with the CE01 library, and willbe
misinterpreted as an SFR tracer.

Several methods exist to exclude quiescent galaxies. The
most obvious is to select galaxies based on their speci�c SFR
(sSFR � SFR=M� ). Indeed, quiescent galaxies have very low
SFR by de�nition, and they are preferentially found at high
M� . Therefore, they will have very low sSFR compared to star-
forming galaxies. This obviously relies on the very existence
of the correlation between SFR andM� , and removing galax-
ies with too low sSFR would arti�cially create the correlation
even where it does not exist. On the other hand, selecting galax-
ies based on their SFR alone would destroy the correlation, even
where it exists (Rodighiero et al. 2011; Lee et al. 2013). It is
therefore crucial that the selection does not apply directly to any
combination of SFR orM� . Furthermore, these methods require
that an accurate SFR is available for all galaxies, and this is
something we do not have since most galaxies are not detectedin
the mid- or far-IR. We must therefore select star-forming galax-
ies based on information that is available for all the galaxies in
our sample, i.e., involving optical photometry only.

There are several color-magnitude or color-color criteriathat
are designed to accomplish this. Some, like theBzK approach
(Daddi et al. 2004), are based on the observed photometry and
are thus very simple to compute, but they also select a particu-
lar redshift range by construction. This is not desirable for our
sample, and we thus need to use rest-frame magnitudes. Color-
magnitude diagrams (e.g.,U � r versusr-band magnitude as in
Baldry et al. 2004) tend to wrongly classify some of the red
galaxies as passive, while they could also be red because of high
dust attenuation. Since high mass galaxies su� er the most from
dust extinction (Pannella et al. 2009), it is thus likely that color-
magnitude selections would have a nontrivial e� ect on our sam-
ple. It is therefore important to use another color to disentangle

galaxies that are red because of their old stellar populations and
those that are red because of dust extinction.

To this end, Williams et al. (2009) devised theUVJ selec-
tion, based on the corresponding color-color diagram introduced
in Wuyts et al. (2007). It uses theU � V color, similar to the
U � r from the standard color-magnitude diagram, but combines
it to theV � J color to break the age–dust degeneracy. Although
the bimodality stands out clearly on this diagram, the locusof
the passive cloud has been con�rmed by Williams et al. (2009)
using a sample of massive galaxies in the range 0:8 < z < 1:2
with little or no [Oii] line emission, while the active cloud falls
on the Bruzual & Charlot (2003) evolutionary track for a galaxy
with constant SFR. One can then draw a dividing line that passes
between those two clouds to separate one population from the
other. We use the following de�nition, at all redshifts and stellar
masses:

quiescent=

8
>>><
>>>:

U � V > 1:3 ;
V � J < 1:6 ;
U � V > 0:88� (V � J) + 0:49:

(3)

This de�nition di� ers by only 0:1 magnitude compared to that
of Williams et al. (2009). Rest-frame colors can show o� sets of
similar order from one catalog to another, because of photomet-
ric coverage and uncertainties in the zero-point corrections. It is
thus common to adopt slightly di� erent de�nitions to account
for these e� ects (see e.g., Cardamone et al. 2010; Whitaker et al.
2011; Brammer et al. 2011; Strazzullo et al. 2013; Viero et al.
2013; Muzzin et al. 2013b). In COSMOS UltraVISTA, we fol-
low the de�nition given by Muzzin et al. (2013b).

The corresponding diagram in bins of mass and redshift for
the CANDELS �elds is shown in Fig. 1. Here we also overplot
the location of the galaxies detected byHerschel; because of the
detection limit of the surveys, the vast majority ofHerschelde-
tections have high SFRs. We therefore expect them to fall on the
UVJ “active” region. This is indeed the case for the vast major-
ity of these galaxies, even when the majority of optical sources
are quiescent as is the case atz = 0:5 and log10(M� =M � ) > 10.
In total, only 5% of the galaxies in ourHerschelsample are clas-
si�ed as passive, and about a third of those have a probability
larger than 20% to be misclassi�ed because of uncertaintiesin
their UVJ colors. The statistics in COSMOS UltraVISTA are
similar.

The number of galaxies with reliable redshifts and stellar
masses (see section 2.4) that are classi�ed with this diagram
as actively star-forming are reported in Table 2. These are the
galaxies considered in the following analysis. As a check, we
also analyze separately the quiescent galaxies in AppendixA.

Finally, we do not explicitly exclude known AGNs from
our sample. We expect AGNs to reside in massive star-forming
galaxies (Kau� mann et al. 2003; Mullaney et al. 2012; Santini
et al. 2012; Juneau et al. 2013; Rosario et al. 2013). While the
most luminous optically unobscured AGNs may greatly perturb
the optical photometry, and therefore the measurement of red-
shift and stellar mass, they will also degrade the quality ofthe
SED �tting because we have no AGN templates in our �tting li-
braries. This can produce an increased� 2, hence selecting galax-
ies with � 2 < 10 (see section 2.4) helps remove some of these
objects. Also, their point-like morphology on the detection im-
age tends to make them look like stars, which are systemati-
cally removed from the sample. The more common moderate
luminosity AGNs can still be �t properly with galaxy templates
(Salvato et al. 2011). Therefore, several AGNs do remain in our
sample without signi�cantly a� ecting the optical SED �tting and
stellar masses. Still, obscured AGNs will emit some fraction of
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